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H.E.S.S. has recently completed a systematic survey of the Galactic plane in the TeV energy
domain. We analyze the flux, latitude and longitude distributions of γ−ray sources observed by
H.E.S.S. in order to infer the properties of Galactic TeV source population. We show that the
total Milky-Way luminosity in the 1-100 TeV energy range is LMW = 1.7
+0.5
−0.4 × 1037ergs sec−1.
Evaluating the cumulative flux expected at Earth by the considered population, we show that
H.E.S.S. unresolved sources provide a relevant contribution to the diffuse Galactic emission. Finally,
in the hypothesis that the majority of bright sources detected by H.E.S.S. are powered by pulsar
activity, like e.g. Pulsar Wind Nebulae or TeV halos, we estimate the main properties of the pulsar
population.
I. INTRODUCTION
The field of TeV astronomy is rapidly evolving thanks
to the data obtained by recent experiments. Imaging At-
mospheric Cherenkov Telescopes (IACT), like H.E.S.S.
[1], MAGIC [2] and VERITAS [3], and air shower arrays,
such as ARGO-YBJ [4], Milagro [5] and HAWC [6], pro-
vided a detailed description of Galactic γ−ray emission
in the energy range 0.1− 100 TeV. Large scale diffusion
emission from different regions of the Galactic plane has
been measured by H.E.S.S. [7], Argo [8], HAWC [9], and
Milagro [10] while catalogues of point-like and extended
sources have been recently produced by H.E.S.S. [11] and
HAWC [12]. At larger energies (∼ 100 TeV or more), Ice-
Cube neutrino telescope has reported the existence of an
astrophysical population of neutrinos [13, 14]. This signal
is believed to be mainly due to extragalactic sources but
a subdominant Galactic component, produced by Cos-
mic Ray (CR) interactions with interstellar gas and/or
Galactic TeV sources, should also exist. The search for
this Galactic contribution is in progress and potentially
within the reach of IceCube experiment [15, 16].
Even if the knowledge of our Galaxy in the TeV do-
main has greatly progressed, several problems remain
unsolved. In most cases, we are not able to determine
whether the observed gamma-ray signals are produced at
TeV energies by leptonic or hadronic mechanism. This
limits the possibility to use the gamma-neutrino connec-
tion, implied by hadronic production, to estimate the
neutrino signal from gamma-ray observed sources. In ad-
dition, we still miss a robust determination of the diffuse
γ−ray flux produced at TeV energies by CR interactions
with the gas contained in the Galactic disk. At these
energies, the situation is substantially different than the
one observed at 1 − 100 GeV by the Fermi-LAT experi-
ment [17, 18] where the CR diffuse emission outshines the
contribution of individual sources. The relatively large
diffuse flux measured at TeV by Milagro [10], HESS [7]
and HAWC [9] could be explained either as the cumula-
tive contribution of unresolved sources, see e.g. [19] or
by considering non conventional CR propagation mod-
els characterised by position-dependent transport prop-
erties, as e.g. [20].
Although different astrophysical objects, such as Su-
pernova Remnants (SNRs) and Pulsar Wind Nebu-
lae (PWNe), can generate TeV γ−rays, we still don’t
know which (if any) class of sources dominate Galac-
tic emission. Recent observations of Geminga and PSR
B0656+14 by Milagro [21] and HAWC [22], provided ev-
idence for a new class of objects powered by pulsar ac-
tivity, the so-called TeV halos, that could potentially ex-
plain a large fraction of bright TeV sources observed in
the Sky [23].
In this work, we perform a population study of the
H.E.S.S. Galactic Plane Survey (HGPS) catalogue with
the goal of addressing some of the above open issues.
The HGPS catalogue is particularly useful for our pur-
poses because it provides the optimal sky coverage, en-
compassing about ∼ 80% of the Galactic plane within
its observation region. We analyze the flux, latitude and
longitude distributions of sources detected by H.E.S.S.
in order to infer the properties of TeV source population.
To avoid selection effects, we include in our analysis the
brightest sources with a flux above 1 TeV larger than
10% of the CRAB flux. By performing a general analysis
based on suitable assumptions for the source space and
luminosity distributions, we show that the HGPS data
permit to estimate with relatively good accuracy the to-
tal Milky Way luminosity produced by TeV sources and
the total Galactic flux due to both resolved and unre-
solved sources in the H.E.S.S. Field of View (FoV). The
FoV covers in longitude the range−110◦ ≤ l ≤ 60◦ and in
latitudes |b| < 3◦. This allows us to quantify the contri-
bution of unresolved sources to the total flux, showing
that unresolved contribution is possibly the dominant
component of the large-scale diffuse signal observed at
TeV by H.E.S.S. [7] and Milagro [24]. We then consider
the regime where all bright sources observed by H.E.S.S.
(which are not firmly identified as SNRs) are powered
by pulsar activity, e.g. PWNe and/or TeV halos as sug-
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2gested by [11] and we discuss the constraints on the pul-
sar properties, namely the initial spin period and mag-
netic field, that are obtained by HGPS data. Our anal-
ysis of the TeV source population improves and comple-
ments previous discussions on the subject, like e.g. that
provided by [25], by considering different aspects and an
original approach and by taking advantage of more recent
observational data.
The plan of the paper is as follows. In Sec. II we
discuss the HGPS catalogue. In Sec.III we present our
method to describe the TeV source population. In Sec.
IV we show our results and we discuss their robustness.
In Sec. V we draw our conclusions.
II. H.E.S.S. HGPS
The H.E.S.S. Galactic Plane Survey (HGPS) catalogue
[11] includes 78 VHE sources observed in the longitude
range −110◦ ≤ l ≤ 60◦ and for latitudes |b| < 3◦, mea-
sured with an angular resolution of 0.08◦ and a sensitivity
' 1.5% Crab flux for point-like objects. The integral flux
above 1 TeV of each source is obtained from the morphol-
ogy fit of flux maps, assuming a power-law spectrum with
index β = 2.3. In order to be consistent with this pro-
cedure, we adopt the same assumption to describe the
spectrum of galactic sources in the TeV domain. The
value β = 2.3 is compatible with the average spectral in-
dex obtained by fitting HGPS sources by using a power
law or a power-law with an exponential cutoff in the en-
ergy range 0.2 TeV ≤ Eγ ≤ 100 TeV.
In the following, we focus on the bright sources that
produce a photon flux above 1 TeV larger than 10% of
that produced by the CRAB nebula. Above this thresh-
old, the HGPS catalogue can be considered complete [11]
and consists of 32 sources: 19 are unidentified, 3 are
firmly associated with SNRs (Vela Junior, RCW 86, RX
J1713.7-3946), 2 are objects showing evidence of both
shell and nebular emission which we refer to as compos-
ite objects, and 8 are associated with PWN.
The HGPS survey provides optimal sky coverage to
perform galactic population studies. Indeed, the observa-
tion window −110◦ ≤ l ≤ 60◦ and |b| < 3◦ includes about
80% of potential sources located in the galactic plane, ac-
cording to PWNe and SNR distributions parameterized
by [29] and [28], respectively. The HAWC experiment re-
ports the longitudinal gamma-ray profile in the angular
region 0◦ < l < 180◦ and |b| < 2◦, for a photon me-
dian energy Eγ = 7 TeV [9]. The Argo-YBJ experiment
measures the total gamma-ray emission in the longitu-
dinal region 40◦ < l < 100◦ and latitudes |b| < 5◦ for
Eγ = 600 GeV [8]. At higher energy, Eγ = 15 TeV, the
Milagro experiment reports the total gamma-ray emis-
sion for longitudes 30◦ < l < 110◦ and 136◦ < l < 216◦
and for latitudes |b| < 10◦ [10]. The sky regions probed
by Milagro, Argo-YBJ, and HAWC contain a smaller
fraction of the potential sources in the Galactic plane,
equal to ' 20%, ' 20%, and ' 40%, respectively.
III. METHOD
In order to predict the signal observed by H.E.S.S.,
we need to consider the space and intrinsic luminosity
distribution of the TeV sources. We assume that this
can be factorized as the product:
dN
d3r dL
= ρ (r)Y (L) (1)
where r indicates the position in the Galaxy and L is
the γ−ray luminosity integrated in the energy range
1−100 TeV probed by H.E.S.S.. The function ρ(r), which
is conventionally normalized to one when integrated in
the entire Galaxy, is assumed to be proportional to the
pulsar distribution in the Galactic plane parametrized
by [29]. The source density along the direction per-
pendicular to the Galactic plane is assumed to scale as
exp (− |z| /H) where H = 0.2 kpc represents the thick-
ness of the Galactic disk.
We assume that the intrinsic luminosity distribution
Y (L) can be parameterized as a power-law:
Y (L) =
N
Lmax
(
L
Lmax
)−α
(2)
that extends in the luminosity range Lmin ≤ L ≤ Lmax
[35]. We take α = 1.5 as working hypothesis, since this
value can be motivated in the context of sources con-
nected with pulsar activity, such as Pulsar Wind Nebulae
(PWNe) and/or TeV halos. Other options for the power-
law index α (and other assumptions in the analysis) will
be also considered, see Tab.I, in order to test the stability
of our results.
The parameter N defined in Eq.(2) determines the
high-luminosity normalization of the function Y (L);
it represents the number of sources per logarithmic
luminosity interval at the maximal luminosity (i.e.
dN/d lnL = N for L = Lmax); its physical meaning in
the context of a fading source population is discussed in
the next section.
The last necessary ingredient to predict the expected
signal in H.E.S.S. is the relationship between the intrinsic
luminosity L of sources and the flux produced at Earth,
that can be generally written as:
Φ =
L
4pir2〈E〉 (3)
where r is the source distance and 〈E〉 is the average en-
ergy of photons emitted in the range 1−100 TeV. In our
calculations, we take the average spectrum observed by
HESS as a reference [11], i.e. we assume that all sources
can be described by a power-law in energy with spectral
index β = −2.3 that corresponds to 〈E〉 = 3.25 TeV.
In our analysis, we determine the maximal luminosity
Lmax and the normalization N of the luminosity function
by fitting H.E.S.S. observational results. This approach is
original and different from previous studies on the subject
3[25] where the value of the maximal luminosity is instead
assumed ”a priori”. The determination of Lmax and N
allow us to estimate the total TeV luminosity produced
by the considered population in the entire Galaxy which
is given by:
LMW =
NLmax
(2− α)
[
1−∆α−2] (4)
where ∆ ≡ Lmax/Lmin. The minimal luminosity Lmin
cannot be constrained by HESS observations. However,
its value marginally affects the quantities considered in
this paper, provided that ∆ 1. Unless otherwise spec-
ified, we quote the results obtained for ∆ → ∞ that
can be easily recalculated by using the above equation,
if other values are considered.
By using Eqs.(1,2,3), we can also calculate the flux at
Earth produced by all sources (resolved and not resolved)
included in the H.E.S.S. Field of View (FoV). This can
be expressed as:
Φtot = ξ
LMW
4pi〈E〉 〈r
−2〉 (5)
where the parameter ξ, which is defined as
ξ ≡
∫
FoV
d3r ρ(r) = 0.812, (6)
represents the fraction of sources of the considered pop-
ulation which are included in the H.E.S.S. FoV while the
quantity 〈r−2〉, defined as:
〈r−2〉 ≡ 1
ξ
∫
FoV
d3r ρ(r) r−2 = 0.0176 kpc−2 (7)
is the average value of their inverse square distance.
While the above values are specific for HGPS survey (and
for the adopted source spatial distribution ρ(r)), Eq.(5)
has a general validity; it can be used to evaluate the ex-
pected flux in a generic experiment and for an arbitrary
source distribution, provided that the corresponding ξ
and 〈r−2〉 are coherently calculated.
A. Pulsar Wind Nebulae
The luminosity distribution given in Eq.(2) can be
naturally obtained by assuming a population of fading
sources with intrinsic luminosity that decreases over a
time scale τ according to:
L(t) = Lmax
(
1 +
t
τ
)−γ
(8)
where t ≤ Td indicates the time passed since source for-
mation, Td is the total duration of TeV-emission and
Lmax is the initial luminosity. If we assume that the
birth-rate R of these sources in the Galaxy is constant in
time, we can calculate the luminosity function Y (L) that
is given by:
Y (L) =
Rτ (α− 1)
Lmax
(
L
Lmax
)−α
(9)
where α = 1/γ + 1 and Lmin ≡ L(Td). In this assump-
tion, the normalization factor N = Rτ (α − 1) of the
luminosity distribution has a precise physical meaning;
it basically represents the total number of young sources
in the Galaxy that had not enough time to loose their ini-
tial luminosity and that are expected to be more easily
detected by H.E.S.S.. Note that, the observational de-
termination of N can be converted into a bound on the
fading timescale τ , if the source formation rate is known.
The above description can be applied to potential TeV
sources in the Galaxy, such as PWNe [27] or TeV Ha-
los [19], which are connected with the explosion of core-
collapse SN and the formation of a pulsar. The birth rate
of these objects can be assumed proportional to that of
SN explosions in our Galaxy, i.e. RSN = 0.019 yr
−1 as
recently measured by [30]. We thus write R = εRSN as-
suming ε = 1 for simplicity, unless otherwise specified. If
the TeV-emission is powered by pulsar activity it is rea-
sonable to assume that TeV-luminosity is proportional to
the pulsar spindown power, i.e.
L = λ E˙ (10)
where λ ≤ 1 and:
E˙ = E˙0
(
1 +
t
τsd
)−2
(11)
with:
E˙0 =
8pi4B20R
6
3c3P 40
τsd =
3Ic3P 20
4pi2B20R
6
(12)
where P0 and B0 are the initial spin period and mag-
netic field [31] while the inertial momentum is I =
1.4 · 1045 g cm2 and the pulsar radius R = 12 km [32].
This implies that the fading timescale is determined by
the pulsar spindown time scale, i.e. τ = τsd. Moreover,
if the efficiency of TeV emission does not depend on time
(λ ∼ const), the exponent in Eq. (8) is γ = 2, motivating
our working hypothesis that the luminosity distribution
scales as Y (L) ∝ L−1.5. Finally, P0 and B0 can be de-
termined from Lmax and τ by using:
P0
1 ms
= 94
(
λ
10−3
)1/2(
τ
104y
)−1/2(
Lmax
1034erg s−1
)−1/2
B0
1012G
= 5.2
(
λ
10−3
)1/2(
τ
104y
)−1(
Lmax
1034erg s−1
)−1/2
(13)
provided that the fraction λ of the spin-down power that
is converted into TeV γ−ray emission is known.
4The parameter λ is highly uncertain; it is determined
by the conversion of the spin-down energy into e± pairs
(that can be very efficient, see e.g. [23, 33]) and by the
subsequent production of TeV photons. The values ob-
tained for firmly identified PWNe in the HPGS catalogue
are included between 5×10−5 and 6×10−2, see Tab. 1 of
[34]. For comparison, the value λ ∼ 3× 10−3 is obtained
in [19] by studying the TeV γ−ray emission of Geminga.
In this work, we consider λ as a free parameter, taking
the value λ = 10−3 as a reference in numerical calcula-
tions.
The possibility of λ being correlated to the spindown
power, i.e. λ = λ0(E˙/E˙0)
δ, is suggested by the results of
[34] that found L = λ E˙ ∝ E˙1+δ with 1 + δ = 0.59± 0.21
by studying a sample of PWNe in the HPGS catalogue.
In this case, one obtains γ ' 1.2 in Eq. (8) that corre-
sponds to a source luminosity function Y (L) ∝ L−1.8.
This scenario is also discussed in our analysis and does
not introduce relevant changes in our conclusions. The
initial spin period P0 and magnetic field B0 can still be
derived from Eqs.(13) by using the value λ0 referred to
initial efficiency of TeV emission.
Finally, we consider the effects of dispersion of the ini-
tial period and magnetic field around reference values
indicated as P˜0 and B˜0. This in turn implies a disper-
sion in Lmax and τ . The source luminosity function can
be obtained by integrating Eq.(9), calculated by assum-
ing τ = τsd(B0, P0) and Lmax = λ E˙0(B0, P0), over B0
and P0 probability distributions. We obtain:
Y (L) =
R τ˜ (α− 1)
L˜
(
L
L˜
)−α
G
(
L
L˜
)
(14)
where τ˜ ≡ τsd(B˜0, P˜0) and L˜ ≡ Lmax(B˜0, P˜0) are the
spin-down timescale and maximal luminosity for the ref-
erence values P˜0 and B˜0. The obtained luminosity func-
tion differs from Eq.(9) for the presence of the function
G(L/L˜) that is defined according to:
G(x) ≡
∫
dp h(p)p6−4α
∫
db g(b)b2α−4 θ
(
p−4 b2 − x)
(15)
where p ≡ P0/P˜0, b ≡ B0/B˜0, while h(p) and g(b) de-
scribe the probability distributions of initial period and
magnetic field. We assume that these functions can
be modelled as gaussian distributions in log10(p) and
log10(b), centered in zero and having widths given by
σlogP = log10(fp) and σlogB = log10(fb) with the pa-
rameters fp and fb described in next section. Under this
assumption, the parameters τ˜ and L˜ represent the cen-
tral values of the log-normal (correlated) distributions of
τ and Lmax that are obtained as a result of the introduc-
tion of P0 and B0 dispersions.
IV. RESULTS
Flux, latitude, and longitude distributions of sources
observed in HGPS are fitted by using an unbinned likeli-
hood (see Appendix A for details) with the goal of con-
straining the source luminosity distribution. In order
to avoid selection effects, we restrict our analysis to the
brightest sources that produce a photon flux above 1 TeV
larger than 10% of that produced by the CRAB nebula
φCRAB = 2.26 × 10−11 cm−2 s−1. Above this threshold,
the catalogue consists of 32 sources (3 of which identified
as SNRs) and is considered complete [11]. This allows
us to perform our analysis in full generality without be-
ing forced to hypothesize a prescribed physical dimen-
sion for the sources because the angular extension does
not discriminate the possible identification. A possible
exception is provided by very close and very extended
sources that cover angular regions larger than ∼ 1◦ and
could escape detection due to background subtraction
procedure employed by H.E.S.S. We checked, however,
that this situation is unlikely and, thus, does not affect
our constraints unless one assumes that the majority of
the observed sources have physical extension much larger
than few×10 pc. In conclusion, the obtained results may
be applied to PWNe as well as to TeV halos, provided
that they have dimension that do not exceed ∼ 40 pc.
The best fit values and the allowed regions for the max-
imal luminosity Lmax and the normalization N of the
source luminosity distribution are shown in Fig.1. We
obtain:
Lmax = 4.9
+3.0
−2.1 × 1035ergs/s
N = 17+14−6 (16)
where the quoted uncertainties correspond to 1σ confi-
dence level (CL). The constraint on the maximal lumi-
nosity can be also expressed as Lmax = 13
+8
−6 LCRAB by
considering that the CRAB luminosity (above 1 TeV)
is LCRAB = 3.8 · 1034ergs/sec. The above results are
obtained for our reference case where we assume that
the source distribution is proportional to that of pulsars
given by [29], the disk thickness is H = 0.2 kpc and the
power-law index of the luminosity distribution is α = 1.5.
Moreover, we include 29 HPGS sources neglecting the 3
sources which are firmly identified as SNRs. This is mo-
tivated by the fact that we discuss, in next section, the
possible interpretation of our results in terms of a popu-
lation of fading sources powered by pulsar activity. The
dependence and/or stability of the obtained results with
respect to this and other assumptions in our analysis are
discussed in details in Tab. I and further commented at
the end of this section.
The obtained bounds are connected with specific fea-
tures of the H.E.S.S. data. The constraint on the maxi-
mal luminosity essentially originates from the flux distri-
bution of HGPS sources, as can be understood by looking
at Fig.2 where we compare the cumulative number N(Φ)
of observed sources with a flux larger than Φ with the
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Figure 1. The best fit and the 1 and 2 σ allowed regions for
the maximal luminosity Lmax and the normalization N of the
luminosity distribution of galactic TeV sources.
predictions obtained for different Lmax values. The the-
oretical calculations are normalized in such a way that
the expected number of sources with Φ ≥ 0.1ΦCRAB is
equal to the observational value Nobs = 29. This corre-
sponds to moving along the cyan dashed line in Fig. 1
that maximizes the likelihood for each assumed Lmax.
The black line in Fig. 2 corresponds to the best fit value
Lmax = 13 LCRAB and well reproduces the flux distribu-
tion in the range Φ ≥ 0.1ΦCRAB considered in our analy-
sis. For comparison, we also show with a red dashed line
the expected behaviour of N(Φ) for Lmax = 30LCRAB.
This value is disfavoured at ∼ 2σ level by HGPS data
because bright sources are overproduced with respect to
observational results.
A more complete understanding of the above points
can be obtained by considering the magenta dot-dashed
line and the blue dotted line in Fig. 2 that correspond to
the limiting cases Lmax → 0 and Lmax →∞, respectively.
For both these assumptions, the flux distribution can be
derived analytically, as it is discussed in the A. Namely,
for Lmax → ∞, the source flux distribution dN/dΦ is
described by a power-law with the same index of the
luminosity function, so that the cumulative distribution
scales as N(Φ) ∝ Φ1−α. When Lmax → 0, one instead
obtains dN/dΦ ∝ Φ−5/2, predicting N(Φ) ∝ Φ−3/2 in-
dependently from the assumed source luminosity func-
tion. The cumulative distribution of sources observed by
H.E.S.S. has a different behaviour with respect to both
cases and thus it requires a specific Lmax value in order to
be reproduced. The possibility to determine Lmax from
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Figure 2. The cumulative distribution of the HGPS sources
(gray line) compared with expectations for different values of
the maximal luminosity Lmax. The black line is obtained for
the best-fit values in Eq.(16), the magenta dot-dashed line and
the blue dotted one are obtained for the limit cases of Lmax →
0 and Lmax →∞, respectively, while the red dashed line shows
an intermediate case of Lmax = 30× LCRAB.
the flux distribution automatically implies the ability to
fit the normalization N of the source luminosity function
by considering the additional constraint provided by the
total number of observed sources, as it is understood by
looking at the cyan dashed line in Fig.1.
By using Eqs. (4) and (5), we obtain a determination
of the total luminosity of the Galaxy in the energy range
1 − 100 TeV and of the total flux (in the same energy
range) produced by sources in the H.E.S.S. FoV. We get:
LMW = 1.7
+0.5
−0.4 × 1037ergs sec−1
Φtot = 3.8
+1.0
−1.0 × 10−10cm−2 sec−1 (17)
that correspond to LMW = 445
+138
−112 LCRAB and Φtot =
16.8+4.4−3.5 ΦCRAB in CRAB units. We note that the er-
rors on these quantities are relatively small because they
are proportional to the product N Lmax that is well con-
strained by observational data, as it is also understood
by considering the green dot-dashed line in Fig.1. The
total TeV luminosity is only a factor ∼ 4 smaller than
that obtained in the energy range 1− 100 GeV by fitting
the Fermi-LAT 3FGL [17] and 1FHL [18] catalogues.
The total flux at Earth Φtot should be compared
with the cumulative emission produced by all the 78 re-
solved sources in the HGPS catalogue, i.e. ΦHGPS =
10.4 ΦCRAB. We obtain by subtraction the unresolved
flux ΦNR = 7.7
+4.4
−3.5 ΦCRAB which is due to sources in the
considered population that are too faint to be identified
by H.E.S.S.. We see that unresolved emission ΦNR is
relatively large, comparable to the resolved source con-
tribution. This is naturally expected because the obser-
vational horizon for H.E.S.S. is limited, while sources are
6expected to be distributed everywhere in the Galaxy1.
In agreement with our previous estimate of this quantity
[39], we obtain ΦNR ' 60% ΦHGPS.
In conclusion, our results show that unresolved sources
are likely to provide a relevant contribution to the dif-
fuse large-scale γ−ray signal observed by H.E.S.S. and
other experiments, with profound implications for the in-
terpretation of observational results in the TeV domain.
The unresolved flux ΦNR is comparable to or larger than
expectations for the truly diffuse contribution produced
by the interaction of high-energy cosmic rays (CR) with
the gas contained in the galactic disk. This diffuse com-
ponent can be estimated as Φdiff = (5 − 15) ΦCRAB by
following the approach of [38, 39], depending on the as-
sumed CR space and energy distribution. The estimate
Φdiff ' 15 ΦCRAB is e.g. obtained by assuming CR spec-
tral hardening toward the galactic center, as recently
emerged from analysis of Fermi-LAT data at lower en-
ergies [40]. It was noted in [39] that, if unresolved contri-
bution is large (namely, ΦNR ≥ 0.5ΦHPGS), this possibil-
ity is disfavoured by H.E.S.S. [7] because the total flux
(resolved + unresolved + truly diffuse signal) obtained in
this hypothesis exceeds the total observed emission from
the galactic plane. Here, we strengthen this conclusion
by noting that the total flux measured by Milagro at
15 TeV (dΦ/dE ∼ 2.9 × 10−12 cm−2 s−1 sr−1 TeV−1 for
30 < l < 65 and |b| < 2) is consistent (within uncertain-
ties, see next section) with the total flux produced by the
HGPS source population in the same observation window
(dΦMHGPS/dE ∼ 3.4 × 10−12 cm−2 s−1 sr1 TeV−1). This
suggests that the anomalous diffuse emission reported
by Milagro is due to unresolved sources and provides an
additional constraint to the possibility of a large truly-
diffuse contribution produced by CR interactions in the
galactic disk.
A. Robustness of the results
In the following we briefly discuss the stability of our
results with respect to the assumptions adopted in our
analysis. In Tab.I we consider different scenarios iden-
tified by the ingredient which has been modified with
respect to the reference case (e.g. the space distribution,
the disk thickness, the source physical dimension, the
power-law index of the luminosity distribution, etc.). For
each case, we give the best-fit results and the 1σ allowed
regions for the source luminosity function parameters (N
and Lmax), the total TeV luminosity of the Galaxy LMW,
the total flux produced at Earth Φtot, the fading time
scale τ and the level of agreement with data, expressed
in terms of the ∆χ2 with respect to our reference case.
1 As an example, a source with intrinsic luminosity L ' LCRAB
produces a flux larger than 0.1ΦCRAB, only at a distance smaller
than r ' 6 kpc.
We see that the inclusion of the three sources firmly
identified as SNRs in the HPGS catalogue (case labelled
as Nobs=32 in Tab.I) does not alter our conclusions,
marginally affecting the maximal luminosity Lmax and
increasing by less than 10% the normalization N of the
source luminosity distribution. No significant effects are
produced by assuming that sources follow the SNR dis-
tribution parameterized by [28] (case labelled as SNR)
instead of the pulsar distribution of [29]. The results
of our analysis are also unchanged when we modify the
thickness of the Galactic disk. However, the quality of
the fit is substantially improved (∆χ2 ' −7) if we as-
sume a smaller disk thickness (H = 0.1 kpc) than our
reference choice 0.2 kpc. This is due to the fact that the
latitudinal distribution of HPGS sources is quite narrow,
having a rms latitude of 0.017, as it expected for a pop-
ulation of young sources connected with the site of past
core-collapse supernova explosions. In particular, this
information can be used in favor of a fading sources pop-
ulation, as young pulsar wind nebulae, not old enough to
drift off the galactic plane [34]. This specific hypothesis
and its implications will be further discussed in the next
section.
The cases labelled as d = 20 pc and d = 40 pc are
obtained by assuming that all sources in the Galaxy have
a prescribed physical dimension and that objects with
angular extension larger than ∼ 1◦ are not observed by
H.E.S.S. We see that our results are not modified in this
assumption.
Finally, we consider the effects produced by a variation
of the power index α of the luminosity distribution by
considering two cases: α = 1.3, α = 1.8. We obtain
a ∼ 10% decrease (∼ 50% increase) of the TeV Milky
way luminosity and of the total flux at Earth for α = 1.3
(α = 1.8), with a slight preference for the case with power
index 1.3.
In conclusion, the cumulative sources contribution
to the Milky Way luminosity in the energy range
[1, 100] TeV and to the total γ−ray flux in the H.E.S.S.
FoV are included in the ranges: LMW = (1.4− 2.5) ×
1037 erg s−1, Φtot = (3.5− 5.9)×10−10 cm−2 s−1, show-
ing that both these quantities can be constrained within
a factor of 1.8 by present observational data.
B. Interpretation in terms of a fading source
population
If we consider a fading source population connected
with the explosion of core-collapse SN, we can convert the
limits on the normalization parameter N of the source
luminosity function into a determination of the fading
time-scale τ through the relationship N = Rτ(α − 1).
By assuming that the source formation rate R is approx-
imately equal to the SN rate RSN = 0.019 y
−1, we get:
τ = 1.8+1.5−0.6 × 103 y (18)
7log10
Lmax
erg s−1 N log10 LMWerg s−1 Φtot τ ∆χ2
Ref. 35.69+0.21−0.28 17
+14
−6 37.22
+0.12
−0.13 3.8
+1.0
−1.0 1.8
+1.5
−0.6 −
SNR 35.69+0.22−0.25 18
+15
−7 37.23
+0.12
−0.13 3.8
+1.0
−1.0 1.8
+1.6
−0.7 1.4
H = 0.1 kpc 35.65+0.22−0.27 15
+14.5
−6 37.13
+0.12
−0.13 5.0
+0.4
−2.0 1.6
+1.5
−0.6 −7.3
d = 20 pc 35.69+0.20−0.26 17
+16
−6 37.23
+0.12
−0.13 3.9
+0.8
−1.0 1.9
+1.9
−0.7 −0.2
d = 40 pc 35.67+0.20−0.25 20
+20
−8 37.28
+0.12
−0.13 4.4
+1.2
−1.1 2.2
+2.0
−0.8 −1.8
α = 1.3 35.61+0.18−0.27 25
+24
−8.5 37.17
+0.12
−0.13 3.5
+1.1
−0.9 4.3
+4.3
−1.5 0.0
α = 1.8 35.83+0.29−0.24 7
+6
−4 37.39
+0.11
−0.13 5.9
+1.8
−0.1 0.5
+0.4
−0.2 0.5
Nobs = 32 35.71
+0.22
−0.24 18
+14
−7 37.26
+0.12
−0.12 4.2
+1.3
−1.0 − −
Table I. The best fit values and the 1σ allowed ranges for the maximal luminosity (Lmax); the normalization factor of the
luminosity function (N ); the total TeV Milky Way luminosity (Lmax); the total flux in the H.E.S.S. FoV (Φtot, expressed in
10−10 cm−2 s−1); the fading timescale (τ , expressed in ky). The different cases are described in the text. The ∆χ2 is calculated
respect to our reference case (first row in the table.)
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Figure 3. Left Panel:The best fit and the 1σ and 2σ allowed regions in the plane (Lmax, τ). The red shaded area is excluded by
the data because corresponds to N(0.1ΦCRAB) ≤ 10 in the assumption of λ = 5× 10−2 which is a large value for the fraction of
pulsar spin-down energy converted to TeV emission. Right Panel: The best fit and the 1σ and 2σ allowed regions in the plane
(P0, B0), calculated in the assumption that λ = 10
−3. The red shaded area corresponds to N(0.1ΦCRAB) ≤ 10 in the assumption
of λ = 5× 10−2.
for our reference case, that corresponds to the orange
solid line in the left panel of Fig. 3. Similar values are
obtained in the other cases, as reported in Tab. I.
In the assumption that the observed objects are PWNe
and/or TeV halos which are powered by the formation
and the subsequent spin-down of a pulsar, the above
value can be used to determine through Eqs.(13) the ini-
tial period P0 and magnetic field B0 of the considered
population. We get the constraints:
P0 = 33.5
+5.4
−4.3 ms×
(
λ
10−3
)1/2
B0 = 4.3 (1± 0.45) 1012 G×
(
λ
10−3
)1/2
(19)
that corresponds to the orange solid line in the right panel
of Fig.3. The small uncertainty for the period P0 is con-
nected with the fact that this quantity is determined by
the product Lmaxτ which is relatively well determined by
observational data, being the possible variations of Lmax
and τ anti-correlated.
We note that inferred magnetic field agrees with the
value log10(B0/1G) ' 12.65 obtained by pulsar popula-
tion studies [37]. The inferred period is consistent with
the value P0 ∼ 50 ms obtained in [36] by studying γ−ray
pulsar population. The value P0 ∼ 300 ms that is ob-
tained from pulsar radio observation [37] is instead ex-
cluded by our analysis, unless one assumes that a very
large fraction λ ∼ 10−1 of the spin-down power is con-
verted to TeV γ−ray emission.
8The above results are obtained in the assumption
that all the sources in the HGPS catalogue with flux
Φ ≥ 0.1ΦCRAB (except those firmly identified as SNRs)
are powered by pulsar activity. A conservative upper
bound for the period P0 can be obtained by considering
that no less than 10 of these sources have to be necessar-
ily included in this population, being firmly identified as
PWNe or Composite Sources. The lines N(0.1ΦCRAB) =
const corresponding to a fixed number of sources above
the adopted flux threshold 0.1ΦCRAB are shown by the
gray dashed lines in the planes (Lmax, τ) and (P0, B0) in
Fig. 3. It can be shown analitically (see Sect.A 2) that
N(Φ) scales as:
N(Φ) ∝ τ L3/2max ∝ B0 P−40 λ3/2
for the limiting case Lmax → 0, while it scales as:
N(Φ) ∝ τ Lα−1max ∝ B2α−40 P 6−4α0 λα−1
for Lmax →∞. If 1 < α < 2, the condition N(Φ) = const
always individuates a maximum allowed period P0 (at
the transition between the above regimes) whose specific
value depends on the fraction λ of the pulsar spin-down
energy that is converted to TeV γ−ray emission. In par-
ticular, the red shaded area in Fig.3 can be excluded
because it corresponds to N(0.1 ΦCRAB) ≤ 10 and to the
relatively large value λ = 5 × 10−2. This allows us to
obtain the bound P0 ≤ 500 ms that can be strengthened
if an upper limit for the magnetic field B0 ≤ 1014 G is
introduced.
In order to test stability of the constraints given in
Eq. (20), we repeat our calculation for the case α = 1.8
obtained by assuming that λ is correlated with the spin-
down power as suggested by [34]. In this case, the fading
time scale is τ = 0.5+0.4−0.2 × 103 y, while the initial period
and magnetic field are given by:
P0 = 51.0
+8.1
−6.4 ms×
(
λ0
10−3
)1/2
B0 = 12.7
+9.6
−5.8 10
12 G×
(
λ0
10−3
)1/2
(20)
The above results are shown by the blue solid line in Fig.
4 where they are compared with those obtained in the
reference case (α = 1.5). As a final test, we hypothe-
size that the initial pulsar periods and magnetic fields
are not univocally determined but have log-normal dis-
persions around preferred values P˜0 and B˜0 with widths
σlogP = log10(fp) and σlogB = log10(fb). The con-
straints on P˜0 and B˜0 that are obtained by choosing
fp =
√
2 and fb = 2 are displayed by the dashed red and
blue lines in Fig.4. We see that the inferred value for P˜0
is basically insensitive to assumed dispersions while the
preferred magnetic field B˜0 is slightly reduced with re-
spect to the reference case, as a consequence of the high-
luminosity tail of the source luminosity function that is
obtained by assuming fp 6= 0 and fb 6= 0.
α = 1.8, with dispersionα = 1.8
Ref., with dispersion
Ref.
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Figure 4. The best fit and the 1 and 2σ allowed regions regions
in the plane (P0, B0), calculated in the assumption that the
fraction of pulsar spin-down energy converted to TeV emission
is λ = 10−3. The shaded regions correspond N(0.1ΦCRAB) ≤
10 in the assumption λ = 5× 10−2.
Summarizing, the results displayed in Fig.3 show that
the bounds on the initial period and magnetic field do not
critically depend on the adopted assumptions, being P0
constrained to the narrow range 25−60 ms for λ = 10−3.
The fact that the inferred values for B0 and P0 are con-
sistent with expectations justifies the working assump-
tion that a large fraction of bright sources observed by
H.E.S.S. belongs to a population of young pulsars, and
supports the hypothesis, formulated e.g. by [19] and [23],
that PWNe and/or TeV halos could produce the major-
ity of TeV bright sources in the Sky. On the contrary,
the large values for the initial period P0 ∼ 300 ms can
explain the HGPS results, only if we assume that a lim-
ited fraction of observed sources belong to the considered
population and/or a consistent fraction of the spin-down
energy is converted into TeV γ-ray emission.
As a further check of this point, we calculate the ex-
pected number of sources in the H.E.S.S. FoV by us-
ing the P0 and B0 distributions obtained by [37] from
pulsar radio observations, i.e. a gaussian centered in
P0 = 300 ms with standard deviation σP = 150 ms, and
a log-normal centered in logB0 = 12.65 with standard
deviation σlogB = 0.55. By using the reference value
λ = 10−3, we obtain only ∼ 1 source above the adopted
flux threshold 0.1ΦCRAB. In order to reproduce the 10
sources firmly identified as pulsars, we have to assume
λ = 1.6 × 10−2, while to predict all the 29 sources ob-
served by H.E.S.S. the value of the efficiency λ has to be
as large as ∼ 5× 10−2.
9V. CONCLUSIONS
Recently the H.E.S.S. observatory has completed the
first systematic survey of the Galactic plane in the very
high-energy domain. Remarkably, the astrophysical na-
ture of the majority of detected sources is still unknown.
In this work, we propose a novel analysis of the flux, lon-
gitude and latitude distributions of the brightest sources
(Φ ≥ 10% ΦCRAB) of the HGPS catalogue showing that
the luminosity distribution of galactic TeV sources can
be effectively constrained.
More precisely, by assuming that the luminosity func-
tion is described as a power-law, see Eq.(2), we ex-
tract the source maximal luminosity Lmax = 4.9
+3.0
−2.1 ×
1035 ergs sec−1 and the high-luminosity normalization of
the source distribution N = 17+14−6 by fitting HPGS data.
This allows us to determine the total Milky Way luminos-
ity LMW = 1.7
+0.5
−0.4 × 1037ergs sec−1 in the energy range
1 − 100 TeV and the total Galactic flux in the H.E.S.S.
FoV given by Φtot = 3.8
+1.0
−1.0 × 10−10 cm−2 sec−1. The
luminosity LMW is only a factor ∼ 4 smaller than that
obtained in the energy range 1−100 GeV by fitting Fermi-
LAT 3FGL and 1FHL catalogue. In addition, the total
source flux is relatively large, implying that unresolved
source contribution is not negligible (about 60% of the
resolved signal measured by H.E.S.S.) and potentially re-
sponsible for a large fraction of the diffuse-large scale
gamma-ray signal observed by H.E.S.S. and other exper-
iments in the TeV domain. The unresolved contribution
can e.g. explain the excess reported by Milagro at 15 TeV
[24]. Moreover, we consider the possibility that the bright
sources observed by H.E.S.S., which are not firmly iden-
tified as SNRs, are powered by pulsar activity, like e.g.
PWNe and TeV halos. We evaluate the constraints on
the physical properties of the pulsar population that fol-
low from this hypothesis. For our reference case, assum-
ing that the fraction of the pulsar spin-down energy con-
verted in TeV photons is λ = 10−3, we obtain the best-fit
values P0 = 33.5
+5.4
−4.3 ms and B0 = 4.32 (1± 0.45) 1012 G,
the initial spin period and magnetic field, respectively.
The above constraints are consistent with the B0 values
obtained in [37] and P0 constrains described in [36] by
studying the gamma-ray pulsar population.
Finally, by considering that 10 sources in HPGS cat-
alouge have been firmly identified as PWNe and consid-
ering λ ≤ 5 × 10−2 as an upper bound for efficiency of
TeV emission, we obtain that the intial spin-down pe-
riod of the considered pulsar population is costrained to
be P0 ≤ 500 ms.
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Appendix A
1. Likelihood definition
In order to determine the maximal luminosity Lmax
and the normalization N of the luminosity function, see
Eq.(2), we use the maximum Likelihood technique. The
H.E.S.S. catalogue contains 78 sources with their Galac-
tic coordinates (bi, li), the observed fluxes Φi in the en-
ergy range 1 − 100 TeV and the respective uncertainty
δΦi. In our work we considered only the 32 brightest
sources with a flux above 1 TeV larger than 0.1ΦCRAB
for which the H.E.S.S. catalogue can be considered com-
plete.
Given this data set we define an unbinned Likelihood
function L, according to:
logL = −µtot +
∑
i
log (µi) (A.1)
where µtot represents the number of expected sources,
while µi is the probability to observe an object with co-
ordinates (bi, li) and measured flux Φi. These quantities
are calculated by considering that the source distribution
per unit of flux Φ and solid angle dΩ is given by:
µ(b, l,Φ) =
∫
dr 4pir4〈E〉 Y (4pir2〈E〉 Φ) ρ(r, b, l) (A.2)
with the functions Y (L) and ρ(r) defined in Sect.III. The
parameter µtot is obtained by integrating the function
µ(b, l,Φ) in the HESS FoV and in the flux range Φ ≥
0.1ΦCRAB. The coefficients µi are obtained as:
µi =
∫
dΦ µ(bi, li,Φ)P (Φi,Φ, δΦi). (A.3)
where the function P (Φ˜,Φ, σ) represents the probability
that the measured flux Φ˜ is obtained for a source emitting
the real flux Φ. We assume that this can be described by
a Gaussian with a dispersion σ equal to the uncertainty
of the measured flux, i.e.
P (Φi,Φ, δΦi) =
1√
2piδΦ2i
exp
[
− (Φ− Φi)
2
2 δΦ2i
]
. (A.4)
Finally, the best fit values and the allowed regions for the
parameters in our analysis are obtained by studying the
χ2 behaviour, defined according to:
χ2 = −2 logL. (A.5)
2. The flux distribution
The flux distribution can be calculated as:
dN
dΦ
=
∫
dr 4pir4〈E〉 Y (4pir2〈E〉Φ) ρ(r) (A.6)
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where ρ(r) ≡ ∫
FoV
dΩ ρ(r,n) is the source spatial distri-
bution integrated over the longitude and latitude inter-
vals probed by H.E.S.S. Note that integration in Eq.(A.6)
is limited to the distance range r ≤ D(Lmax,Φ) where
D(L,Φ) ≡ √L/4pi〈E〉Φ represents the distance below
which a source with intrinsic luminosity L produces a
flux larger than Φ. Moreover, in the assumption that
sources have a physical dimension d, one also has a lower
integration limit r ≥ d/θmax, where θmax is the maximal
angular dimension that can be probed by H.E.S.S.
The function dN/dΦ can be calculated analytically in
the two limit cases Lmax → ∞ and Lmax → 0. For
Lmax →∞, hence D(Lmax,Φ)→∞, the function is:
dN
dΦ
= R τ (α− 1) Lα−1max Φ−α
×
∫ ∞
0
dr (4pi〈E〉)1−α r4−2α ρ(r);
(A.7)
here the integral is only dependent on the coordinate r
and is therefore a constant. The dependence on Φ is
only given by the term Φ−α; the total number of sources
N(Φ) above a flux Φ, which is shown in Fig.2, is therefore
proportional to Φ−α+1. For the limit case Lmax → 0,
hence D(Lmax,Φ)→ 0, the integral over r is extended to
a small region where the distribution function ρ(r) can
be considered constant and equal to its value at r = 0,
i.e. ρ(r) ' ρ(0). We thus obtain:
dN
dΦ
' (4pi〈E〉)1−α ρ(0) R τ (α− 1) Lα−1max Φ−α
×
∫ D(Lmax,Φ)
0
dr r4−2α
= ρ(0) R τ
(
α− 1
5− 2α
)(
Lmax
4pi〈E〉
) 3
2
Φ−
5
2 ;
(A.8)
The cumulative function N(Φ) is therefore independent
from the index α considered and is proportional to Φ−
3
2
as it is shown in Fig.2.
